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A STUDY OF THE ADHESION AND COHESION OF METALS 

By: 

M. J. Hordon 

J. R. Roehrig 

SUMMARY 

In. t h e  t h i r d  q u a r t e r  of t h i s  prograxr,, e s s e n t i a l  modi f ica-  
t i o n s  of t h e  adhes ion  t e s t i n g  equipment were des igned  and con- 
s t r u c t e d  t o  e n a b l e  t h e  f i n a l  tes t  s c h e d u l e  t o  be c a r r i e d  o u t .  
P r i n c i p a l l y ,  t h e  m o d i f i c a t i o n s  c o n s i s t e d  i n  t h e  development of 
a double  i o n  gun bombardment sys tem for impingement c l e a n i n g  
of two s u r f a c e s  s imul t aneous ly  p r i o r  t o  c o n t a c t  under  load .  

I n  a d d i t i o n ,  a r a p i d  a c t i o n  specimen s e l e c t o r  mechanism 
was des igned  t o  e n a b l e  r a p i d  p o s i t i o n i n g  of each  specimen i n  
t h e  k,or izontal  bombardment and v e r t i c a l  l o a d i n g  o r i e n t a t i o n s .  
The equipment m o d i f i c a t i o n s  were expec ted  t o  be completed by 
Janua ry  31, 1965, a t  which t i m e  t h e  f i n a l  tes t  se r ies  would be 
conducted i n  t h e  l a s t  q u a r t e r  of t h e  program. 

INTRODUCTION 

111 t h e  p r e s e n t  research program, N a t i o n a l  Research Corpora- 
tion is c o n t i n u i n g  an  i n v e s t i . g a t i o n  of v a r i o u s  a s p e c t s  of s o l i d  
adhes ion  phenomena t o  a c q u i r e  a deeper  unde r s t and ing  of t h e  
bonding mechanism. I n  p rev ious  phases  of t h i s  work, as  r e p o r t -  

p a r a m e t e r s  such  a s  mutual solid s o l u b i l i t y  and c o n t a c t  stress 
on t h e  adhes ion  s t r e n g t h  was s t u d i e d .  

ed  in Q!h~r.  ter1-r r r v g l b D u  Dvnm---- D----+ ArGyul -- T I QUU ---I T ' C  11, I'- L I I ~  - e f fec i  uf material  

It1 a d d i t i o n ,  a q u a n t i t a t i b e  techr- ique was developed t o  
r e l a t e  rc lat iwe changes  i n  t h e  s u r f a c e  e l e c t r o n  work f u n c t i o n  
a s  determined by r e t a r d e d  f i e l d  d iode  measurements t o  t h e  f r a c -  
tit111a1 ccbncentrat ion of impur i ty  atoms on s u r f a c e  l a t t i c e  s i t e s .  
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Using this method, the degree of oxygen desorption from the 
target surface after varying period of xenon or argon ion 
bombardment can be estimated. The relative cleanliness in- 
dex can then be correlated to the bonding strength. 

In the current phase of the investigation, the effect 
of contact surface profile on the adhesion mechanism is 
planaed for examinatioc. Ir. order to accomplish this, it 
was necessary to extensively modify the existing adhesiQn 
testing apparatus. The main vacuum chamber was redesigned to 
accomodate a twin ion gun assembly with which it is planned 
to bombard both contact surfaces simultaneously. 

In addition, a rapid action specimen selector mechanism 
was designed f o r  the loading assembly. With this component, 
each of t.he eight sample pairs ca? be horizon.tally positioned 
for xer.on ion bombardment. The surfaces selected for test can 
tken be rapidly rotated to the vertical position for contact 
load application. The entire positioniqg procedure between 
cleaning and contact should require less than ten seconds. 

To complete the design, construction and assembly of the 
new compbnents, it was anticipated that the third quarter peri- 
od of the program would be required. Accordingly, permission 
was requested of the sponsoring agency to extend the calendar 
schedbile of the program. This report will then briefly cover 
the design modifications completed during the reporting period. 
Experimeptal tests are scheduled for the fourth quarter exten- 
sion period. 

EXPERIMENTAL APPARATUS 

General Design 

The adhesion testing apparatus used in the present work 
is shown in Fig. 1. I t  consists of a stainless steel, cylin- 
drical ultra-high vacuum chamber, 14 i n .  i n  diameter, an 
axial loading mechanism f o r  adhesion specimens, several ports 
for the introduction of surface cleaning components and vacuum 
gauges together with the associated electrical and mechanical 
n n n + v . n 7  - 
-"&A C L 1.- A U 
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Fig .  1 

ADHESION TESTING APPARATUS 
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The vacuum chamber is evacuated by meam of  a 10 i n .  NRC 
d i f f u s i o n  pump backed up by a smaller 2 i n .  d i f f u s i o n  pump 
and a mechanical  pump. The e x i t  o r i f i c e  p a s s e s  through a 
90' bend w i t h  a n  i n t e r n a l  l i q u i d  n i t r o g e n  t r a p  t o  r educe  t h e  
p o s s i b i l i E y  of  d i f f u s i o n  pump o i l  i n f l u x .  Key f l a n g e  sea ls  
are r e f r i g e r a t e d  or  water cooled  t o  p r e v e n t  ou t -gass ing  o f  t h e  
'*o"-ring seals .  The sys tem can be  h e a t e d  t o  250'C u s i n g  
i n t e r n a l l y  mounted q u a r t z  r o d  h e a t e r s  f o r  t h e r m a l  o u t g a s s i n g .  
The \ac um sys t em is c a p a b l e  o f  m a i n t a i n i z g  p r e s s u r e s  below 
1 x lo-' t o r r  under t es t  c o r d i t i o n s .  

A n  i n t e g r a l  p a r t  of t h e  t es t  equipment is t h e  l o a d i n g  
mechanism, i l l u s t r a t e d  i n  F ig .  2 .  TkLe upper  aLd lower l o a d i n g  
stages compr ise  disc-shaped multi-specimen h o l d e r s  which  can  
s e q u e n t i a l l y  se lec t  t h e  adhes ion  s ~ r f a c e s  for t e s t .  In t h i s  
way, ~p to  e i g h t  adhes ion  tests may be performed d u r i n g  t h e  
codrse of one pumping o p e r a t i o n .  The upper l o a d i n g  s h a f t  con- 
t a i n s  a vacuum s e a l e d  b a l l  and screw d r i v e  m e c b a r i i s m  which can  
impose l o a d s  up t o  2200 pouhds on t h e  l o w e r  a n v i l .  The f o r c e  
is monitored by a load c e l l  and is a p p l i e d  by a motor d r i v e n  
chain. sprocket mounted o u t s i d e  t h e  v a c u m  chamber. A r i g i d  
compression cage  f i x t u r e  is provided t o  g u i d e  t h e  motion of t h e  
upper  s h a f t  and e n s u r e  v e r t i c a l .  a1rgmen. t  of t h e  l o a d i 2 g  s tages .  

T h e  vacuum assembly a l s o  c o n t a i c s  a w i r e  brush a b r a s i o n  
d e v i c e  f o r  scouring coctaminant  f i lm*  from t h e  adhes ion  s u r -  
faces immediately p r i o r  t o  c c ~ n t a c t .  T h e  c y l i n d r i c a l  b rush  is 
mounted on a f l e x i b l e  nel lows s e a l  L O  pe rmi t  manual mari.ipula- 
t i o r i  from o u t s i d e  t h e  chamber. Rotary power is p rov ided  by a 
compact vac'clum s e a l e d  motor i n t e g r a l l y  mounted on t h e  b rush  
s h a f t .  I n  p r a c t i c e ,  t h e  b ruhb ,  I-lsiiaLly of stainless s t e e l ,  is 
brought  t o  bear on t h e  t w o  tes t  s ~ r f a c e s  s imul t aDeous ly ,  a s  
shown  i n  Ftg. 3. A f t e r  a p r e . ; ~ r i h e d  abrasion p e r i o d ,  t h e  b rush  
is swung away and t h e  surfaces a r e  hrcwght i n t o  contact under 
l o a d .  

DESI. G5 WODIF ICATI 85.3 
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s t r e n g t h .  Because t h e  mating s u r f a c e s  canno t  be b rough t  close 
t o g e t h e r  i n  t h e  t es t  a p p a r a t u s  e x c e p t  i n  t h e  p a r a l l e l  p o s i -  
t i o n ,  t w o  s e p a r a t e  i o n  gun a s sembl i e s  were r e q u i r e d  t o  bombard 
each s u r f a c e  independen t ly .  I n  order t o  accompl ish  t h i s  i n  
the l i m i t e d  s p a c e  a v a i l a b l e  i n  t h e  vacuum chamber, i t  was 
p lanned  t o  mount t h e  t w o  guns on t h e  s i d e  of t h e  c y l i n d r i c a l  
chamber a t  p o s i t i o n s  90° a p a r t .  I n  t h i s  way, t h e  i o n  beams 
c o u l d  be focused  independent ly  on t h e  specimen s u r f a c e s  when 
r o t a t e d  t o  t h e  h o r i z o n t a l  p o s i t i o n  i n  t h e  l o a d i n g  mechanism. 

An i n d i v i d u a l  gun assembly is shown i n  F ig .  4. C o n s i s t -  
i n g  e s s e n t i a l l y  of  a c o l d c a t h o d e  i o n  s o u r c e  based on t h e  Redhead 
cold cathode magnetron gage which can  i o n i z e  a p a r t i a l  p r e s s u r e  
of  xenon or  a rgon  gas b l e d  i n t o  t h e  c e n t r a l  c a v i t y ,  t h e  gun c a n  
d i r e c t  a n  e n e r g i z e d  s t r e a m  of i o n s  t o  t h e  t a r g e t  s u r f a c e  by 
means of a ser ies  of e i n z e l  l e n s e s .  The magnet components are  
mounted o u t s i d e  t h e  gun c a v i t y  t o  pe rmi t  removal d u r i n g  the rma l  
o u t g a s s i n g .  The i o n  stream is d i r e c t e d  i n t o  t h e  vacuum chamber 
thraughariarrow o r i f i c e  t o  m i n i m i z e  p r e s s u r e  bui ld-up  i n  t h e  
main chamber. 

I n  p r a c t i c e ,  anode v o l t a g e s  up t o  4000 v o l t s  a t  1 x 10- 6 
amp c a n  be c o n s i s t e n t l y  o b t a i n e d ,  y i e l d i n g  i o n  c u r r e n t  dens i -  
t i e s  up t o  12 amp/torr  - c m 2  a t  t h e  t a r g e t  s u r f a c e .  
u s u a l  o p e r a t i n g  c o n d i t i o n  t h e  p a r t i a l  p r e s s u r e  of  i n e r t  g a s  i n  
t h e  gun c a v i t y  may be  10-5 torr; t h e  co r re spond ing  sys tem p r e s -  
s u r e  w i l l  rise t o  2 - 5 x lom7 t o r r  d u r i n g  bombardment. I n  u s e ,  
t h e  i o n  s t r e a m  may be deflected by manual o p e r a t i o n  of a be l lows  
s e a l  s p r i n g  assembly t h u s  p e r m i t t i n g  a c c u r a t e  f o c u s i n g  of t h e  
beam on t h e  ta rge t .  Focusing is accomplished by mon i to r ing  t h e  
optimum c u r r e n t  peak d u r i n g  t h e  d e f l e c t i o n  ad jus tmen t .  

I n  t h e  

The i n s t a l l a t i o n  of t h e  gun a s s e m b l i e s  i n  t h e  vacuum 
chamber is shown i n  F ig .  5. The r a d i a l  magnet components a r e  
shown i n  p o s i t i o n .  Each gun assembly is provided  w i t h  a Gran- 
v i l l e - P h i l l i p s  bleeder v a l v e  which a d m i t s  a c o n t r o l l e d  q u a n t i t y  
of  h i g h  p u r i t v  xenon g a s  t o  t h e  gun c a v i t y  through a. 0.040 i n .  
i n l e t  t ube .  The d e f l e c t i o n  s p r i n g  c o i l s  p r o v i d i n g  a n g u l a r  
movement of t h e  gun a x i s  a t  the  f l e x i b l e  bellows s e a l  a r e  a l s o  
shown. 

A t h i r d  i n l e t  t o  t h e  chamber p r o v i d e s  f o r  o p e r a t i o n  of t h e  
w i r e  b rush  a b r a s i o n  d e v i c e  through a f l e x i b l e  be l lows  s e a l .  
Addi tions 1 f l e x i b l e  m a n i p u l e t o r s   re p r c v i d e d  fsr s p c r a t i o n  of 
the l o a d i n g  mechanism. L a s t l y ,  s e v e r a l  v i ewpor t s  a r e  p r e s e n t  
f o r  v i s u a l  o b s e r v a t i o n  of the  adhes ion  a p p a r a t u s  d u r i n g  t es t .  
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Loading Mechanism 

Due to  t h e  requir.ement t h a t  t h e  specimen s u r f a c e s  be 
brought  t o  a h o r i z o n t a l  p o s i t i o n  for i o n  bombardment and t h e n  
t o  a v e r t i c a l  pos iTion  for l o a d i p g ,  r a p i d  r o t a t i o n  of s e l e c t e d  
s u r f a c e s  through 90' is necessa ry  t-0 minimize t h e  p o s s i b i l i t y  
of  ox ide  f i l m  r e f o r m a t i o n  a f t e r  c l e a n i n g .  

I n  t h e  o r i g i n a l  d e s i g n ,  t h e  upper  and lower index ing  heads  
coaztaining e i g h t  specimen s t a t i o n s  cou ld  o n l y  be r o t a t e d  i n  one 
d i r e c t i o n ,  i n  a s t a t i o n - t o - s t a t i o n  sequence.  With each  r o t a t i o n  
of 4 5 O ,  t h e  index ing  heads w e r e  locked by a sp r ing - loaded  p i n ,  
p r e v e n t i n g  f u r t h e r  motion du r ing  the l o a d i n g  sequence .  Rota- 
t i o n  th rough  90° t h u s  r e q u i r e d  t w o  m a n i p u l a t i v e  s t e p s  and t h e  
e x p e n d i t u r e  of up t o  40 see.  i n  t o t a l  p o s i t i o n i n g  t i m e .  

TQ r e d u c e  t h e  t i m e  r e q u i r e d  f o r  r o t a x i o n ,  t h e  index ing  
heads  were modi f ied  by t h e  a d d i t i m  of a sp r ing - loaded  nega- 
t i v e - t o r q u e  d r i v e  a s  i l l u s t r a t e d  in Fig .  6 .  I n  t h i s  a r r ange -  
ment ,  un lock ing  t h e  s e t  p i n  by m a n i p u l a t i v e  a c t i o n  p e r m i t s  
r a p i d  r o t a t i o n  of any one of t h e  staticas t o  t h e  d e s i r e d  
p o s i t i o n  w i t h  a consequent  r e d u c t i o n  i n  p o s i t i c n i n g  t i m e  t o  
less than 8 sec. Dependent t o  some degree on c \pe ra to r  s k i l l ,  
t h e  e l a p s e d  t i m e  between bombardment c l e a n i n g  and a c t u a l  con- 
t a c t  c a n  now be reduced  t o  abou t  12 sec. I n  compar isoc ,  t h e  
e l a p s e d  t i m e  i n  w i r e  brush c l e a n i n g  averaged  about, 18 sec. 

EXPERIMENTAL PROGRESS 

During t h e  r ep0r t in .g  peric,d, t h e  d e s i g n  m o d i f i c a t i o n s  
o u t l i n e d  i n  t h e  p r e v i o u s  s e c t i o n  have been l a r g e l y  completed.  
P r e l i m i n a r y  tests are  c u r r e n t l y  underway on t h e  performance 
of t h e  i o n  guns and specimen se1er.t.w mechanism. In o p e r a t i o n ,  
i t  h a s  proved feas ib le  t o  supp ly  boih ~ U L S  fi-oiii a single xe;i~;= 
scarce. However, t h e  gun. assemblies have indeFendent  h igh  
v o l t a g e  power s u p p l i e s  a r d  elec. t r o m e  tei b. 

Experimental  t e s t s  on a d h e s i u r r .  samples of varyirrg swr- 
f ace  p r o f i l e  a r e  schedu led  fur t h e  l a s t  q u a r t e r  of the pr-o- 
gram. 
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Fig. 6 
DETAILED ASSEMBLY OF MODIFIED SPECIMEN SELECTOR AND LOAD MECHANISM 
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FUTURE WORK 

Upon comple t ion  of the  performance tests, t h e  adhes ion  
a p p a r a t u s  w i l l  be u t i l i z e d  f o r  t h e  f o l l o w i n g  test  s c h e d u l e :  

1. Adhesion tes ts  w i l l  be performed on samples of 
copper  w i t h  t w o  degrees of surface p r e p a r a t i o n ;  smooth- 
pol i shed  s u r f a c e s  w i t h  average  p ro f i l e s  less than  4 r m s  
h e i g h t  v a r i a t i o n .  The tests w i l l  be performed a t  a p p l i e d  
c o n t a c t  stresses r a n g i n g  from 50% t o  150% of t h e  compress ive  
y i e l d  stress of  copper .  

2. Similar  tes ts  w i l l  be performed f o r  samples  of gold 
and i r o n  i n  both t h e  p o l i s h e d  and roughened s u r f a c e  condi -  
t i o n s  a t  a p p l i e d  stresses rang ing  from 50 t o  150' per c e n t  
of t h e  y i e l d  s t r e n g t h  of i n t e r e s t .  

3. S u r f a c e  p r o f i l e  measurements ( r m s  he ight  v a r i a t i o n s ) ,  
i o n  beam bombardment d a t a ,  and adhes ion  s t r e n g t h  w i l l  be 
de termined  for  each material and c o n d i t i o n .  
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